To study the ontogeny of the vasotocin (VT) system and its contribution to anuran metamorphosis, VT mRNA levels were determined by Northern blot analysis in metamorphosing bullfrog tadpoles. Effects of osmotic stimulation on VT mRNA levels were also analyzed in order to follow the development of osmotic responsiveness of VT neurons. The intensity of hybridization signals for VT mRNA gradually increased during prometamorphic development. The increase became marked thereafter until metamorphic climax. Plasma osmolality and hematocrit remained unchanged before metamorphosis, and increased after metamorphic climax, indicating that climactic tadpoles in a semiterrestrial environment were in a dehydrated condition. These increases correlated well with the increase in VT mRNA level. Immersion of tadpoles in 30% seawater (approximately 350 mOsmol) for 3 days increased plasma osmolality at all stages. No significant changes were observed in the VT mRNA level in response to this treatment during premetamorphic stages. The VT mRNA levels were significantly higher in the treated tadpoles after preclimax stages. Hyperosmotic treatment also increased hematocrit until early metamorphic climax, but did not alter it in tadpoles at late metamorphic climax. These results suggest that the responsiveness of VT-producing neurons to hyperosmotic or hypovolemic stimulation, or both, is established by the time of the metamorphic climax in bullfrog. The marked increase in VT mRNA levels at metamorphic climax stages of intact individuals is probably induced by dehydration. VT-stimulated water absorption and reabsorption in the target organs probably prevented the increase in hematocrit at late metamorphic climax. Thus VT may contribute importantly to osmoregulatory mechanisms in relation to adaptation to a semiterrestrial habitat through the metamorphosis.
INTRODUCTION
Neurohypophyseal hormones have important roles in water and salt metabolism at least in terrestrial vertebrates, including amphibians. In adult bullfrogs and toads, hyperosmotic stimulation increased plasma vasotocin (VT) levels (Bentley 1969 , Pang 1977 . The release of VT has been considered to be regulated by both plasma osmolality and blood volume; however, a volemic control seems to predominate in adult amphibians (Nouwen & Kuhn 1985) . Injection of VT induced water absorption and reabsorption by the skin, kidney, and urinary bladder, resulting in a weight increase (Alvarado & Johnson 1966 , Shoemaker & Nagy 1977 . In the kidney, VT decreases glomerular filtration rate and increases tubular water reabsorption, thus reducing urine production (Toews et al. 1989) . Moreover, VT increases water permeability of the skin of the ventral pelvic region, facilitating rehydration when dehydrated animals contact water (Cree 1988 , Malvin 1993 .
As most anurans change from an aquatic to a semi-terrestrial habitat during metamorphosis, ontogeny of the hypothalamo-neurohypophyseal system and its contribution to anuran osmoregulation at larval and adult stages invite study. The presence of immunoreactive VT neurons was observed in premetamorphic and prometamorphic bullfrog tadpoles. These neurons were virtually absent until Taylor-Kollros (TK) stage X (premetamorphic stage) (Taylor & Kollros 1946) , but this number subsequently increased, beginning at stage XII (Carr & Norris 1990) . Bullfrog tadpoles retain water when VT is injected. This response is small in premetamorphic bullfrog tadpoles, but is obvious at the late stages of metamorphosis, especially just before metamorphic climax (Alvarado & Johnson 1966 , Bentley & Greenwald 1970 . However, there has been no study of changes in the activity of VT-producing neurons during metamorphosis. Information about hormone synthesis in normal and osmotically stimulated states is thus indispensable for an understanding of the physiological roles of VT during development.
In this study, changes in the VT mRNA level were studied by Northern blot analysis in metamorphosing bullfrogs, Rana catesbeiana, as a measure of activity of VT-producing neurons. Furthermore, the effects of osmotic stimulation resulting from immersion in 30% diluted seawater (SW) were studied in metamorphosing and adult bullfrogs.
MATERIALS AND METHODS

Animals
All animal experiments were conducted according to our departmental guidelines. Male adult bullfrogs and tadpoles in various stages of development ranging from stages V to XXV (based on stages for Rana pipiens as described by Taylor & Kollros 1946) were obtained from a commercial supplier in July and August. They were maintained at room temperature (22-25 C) in dechlorinated tap water in plastic rectangular cages. Tadpoles were fed boiled spinach. Before the experiments and sampling, all animals were allowed at least 5 days to adapt to laboratory conditions.
Experiment 1: Changes in mRNA levels during metamorphosis
Tadpoles were separated into seven groups representing stages V-X (premetamorphic stages); XI-XIV, XV-XVI, and XVII-XIX (prometamorphic stages); and XX, XXI-XXII, and XXIII-XXV (metamorphic climax stages). At stage XX, forelimbs emerged; in the wild, tadpoles after stage XX extend their habitat to a semi-terrestrial environment. The tadpoles were anesthetized in 0·02% (w/v) tricaine methane sulfonate (Sigma, St Louis, MO, USA) before sampling. Hypothalami were then removed, frozen in liquid nitrogen, and stored at 80 C until analysis of VT mRNA levels. Blood was collected from the heart by a syringe, and plasma was stored at 80 C after centrifugation. Plasma osmolality was measured with a vapor pressure osmometer (Wescor 5500). Blood samples were also collected in hematocrit tubes.
Experiment 2: Time-course study
Tadpoles at the latest metamorphic climax stages (stages XXIII-XXV) were used for a time-course study. They were transferred from fresh water to 30% diluted artificial SW (about 350 mOsmol; Aquamarine, Yashima Co., Osaka, Japan), and killed on days 0 (intact control), 1, 3, and 6. The hypothalami and plasma samples were obtained as described above. Urine was collected from the urinary bladder by a syringe and centrifuged; osmolality of the supernatant was measured.
Experiment 3: Transfer experiment
In Experiment 2, 3-day exposure to hyperosmotic solution significantly increased VT mRNA levels in tadpoles at stages XXIII-XXV. Therefore, effects of osmotic stimulation on the VT mRNA levels at various stages of tadpole metamorphosis were examined by immersion in 30% SW for 3 days. Tadpoles were separated into seven groups as described in Experiment 1, and were transferred from fresh water to 30% SW for 3 days. Male adult bullfrogs were also transferred to 30% SW for 3 and 5 days. The hypothalami, plasma and urine samples were handled as described above.
Northern blot analysis
Total RNA was extracted from the hypothalami with guanidinium thiocyanate-phenol-chloroform mixture (Chomczynski & Sacchi 1987) . Three hypothalami were pooled for tadpoles from stage V-XVI. After stage XVII-XXV, two hypothalami were pooled for extraction of total RNA. Extracted RNA samples were dissolved in 20 µl (tadpoles) or 25 µl (adult) of ultrapure water (Millipore), measured for the amount of RNA with aliquots, and stored at 80 C.
For Northern blot analysis, 8 µl (tadpoles) and 5 µl (adult) samples were used. RNA samples were denatured by incubation at 55 C for 15 min in gel running buffer (0·04 M 3-(N-morpholino) propanesulfonic acid/10 mM sodium acetate/1 mM EDTA, pH 7·0) with 50% formamide and 2·2 M formaldehyde. They were electrophoresed through a 1% agarose gel containing 2·2 M formaldehyde, and were transferred to a nylon membrane (Nytran; Schleicher & Schuell, Dassel, Germany) by capillary blotting. The RNA was covalently attached to the membrane by UV cross-linking. The membranes were allowed to equilibrate in hybridization buffer containing 6 SSC (1 SSC contains 150 mM sodium chloride and 15 mM sodium citrate), 0·04% each of bovine serum albumin, Ficoll, polyvinylpyrrolidone, 0·1% SDS and 100 µg/ ml sonicated, denatured salmon sperm DNA at 50 C for 1 h. Then, they were hybridized with 32 P-labeled oligonucleotide probe for VT in the same buffer at 50 C for 18 h. The membranes were washed in 1 SSC/0·1% SDS at room temperature for 10 min and then twice for 1 h each at 50 C.
Intensity of hybridization signals was estimated with an Auto Image Analyzer (BasMac; Fuji Photo Film, Tokyo, Japan). Autoradiography was then performed by exposing hyperfilm-MP (Amersham, Bucks, UK) to the membranes at 80 C with a Toshiba E-32 intensifying screen. Relative abundance of VT mRNA was assessed as autoradiographic intensity per single hypothalamus. A serial dilution study using total RNA extracted from pooled hypothalami showed the linearity between intensity of hybridization signals and serial dilution (data not shown). For adult samples, the hybridized VT probe was removed by soaking the membranes in 10 mM Tris (pH 8·0), 1 mM EDTA and 0·1% SDS at 65 C for 2 h. The membranes were then hybridized with 32 P-labeled chicken -actin cDNA probe. VT mRNA level was expressed as a percentage of -actin mRNA level.
Hybridization probe
Oligonucleotide probe (40 bases; 5 -TGTTGTCT GTTGGCCATGTGCATGAGTCTGAGGAGC AGAT-3 ) was synthesized with a DNA synthesizer (Milligen/Biosearch, Millipore, New Bedford, MA, USA). The sequence of the probe was based on the nucleotide sequence of the VT mRNA of Bufo japonicus (Nojiri et al. 1987 ) and the amino acid sequence of the VT precursor of Rana esculenta (Michel et al. 1987) . The nucleotide sequence of the probe corresponds to the region encoding the glycopeptide moiety of the VT precursor. The oligonucleotide probe does not hybridize with toad mesotocin cDNA (data not shown).
The probe was radiolabeled at the 3 -end with [ -32 P]dATP (DuPont/NEN, Wilmington, DE, USA) and a labeling kit (Amersham), and purified with a NENSORB column (DuPont/NEN).
Statistical analysis
The significance of differences was examined by Duncan's new multiple range test and the Cochran-Cox test, where appropriate.
RESULTS
Developmental changes in VT mRNA level during metamorphosis
Northern hybridization showed that the band of about 850 bases represented VT mRNA. The signal for VT mRNA was detected from the premetamorphic stage (stages V-X), which was the earliest stage examined in this study (Fig. 1C) . The intensity of hybridization signals for VT mRNA gradually and consistently increased during prometamorphic development, and markedly increased at the metamorphic climax. The increase from preclimax (stages XVII-XIX) to climax (stage XX) was statistically significant. Tadpoles after stage XX extend their habitat to a semi-terrestrial environment.
Plasma osmolality and hematocrit were unchanged before metamorphosis. During the climax stages (after stage XX), plasma osmolality increased gradually (Fig. 1A) . Hematocrit also  1. Developmental changes in plasma osmolality (A), hematocrit value (B) and VT mRNA level (C) in intact bullfrog tadpoles (n=6). The VT mRNA levels are relative values per single hypothalamus. Statistically significant differences: * 5%, * * 1%.
Vasotocin mRNA level in metamorphosing bullfrogs ·   307 increased after stage XX, and attained its peak at stages XXI-XXII (Fig. 1B) . In the late metamorphic climax stages (stages XXIII-XXV), hematocrit decreased to the level of that found in prometamorphic tadpoles. Most animals in these stages stored urine in their urinary bladder.
Effects of osmotic stimulation in metamorphosing bullfrogs
A time-course study showed that when tadpoles of late metamorphic climax (stages XXIII-XXV) were transferred to 30% SW, plasma osmolality increased significantly after day 1, and consistently increased on day 3 and day 6 ( Fig. 2A) . The levels of VT mRNA were also increased by osmotic stimulation in a time-dependent manner (Fig. 2B) . The VT mRNA levels on day 3 and day 6 of osmotic stimulation were 1·5 and 2·3 times higher than those of the intact group, respectively. These increases were statistically significant. In contrast, 1 day of osmotic stimulation did not significantly change the VT mRNA levels.
On the basis of the above results, changes in the VT mRNA level in various developmental stages of tadpoles were examined by immersion in 30% SW for 3 days. At all stages examined, the 3-day treatment increased plasma osmolality (Fig. 3A) . Hematocrit was also increased by the osmotic stimulation until stage XX (Fig. 3B) . In animals at stages XXI-XXII, hematocrit of intact animals increased and attained its peak level. In contrast, osmotic stimulation decreased the hematocrit values in tadpoles at stages XXI-XXII, although the values in these animals were higher than those of intact prometamorphic tadpoles. In tadpoles at late metamorphic climax (stages XXIII-XXV), osmotic stimulation did not change hematocrit as it did in adult bullfrogs (see below, Table 2 ), the value being the same as that in intact prometamorphic tadpoles.
The urinary bladder of all animals at stages after XXI contained a considerable volume of urine (Table 1 ). In particular, 30% SW-treated tadpoles at stages XXIII-XXV stored a large volume of urine (1·91 0·2 ml) that was estimated to be 11·2% of body weight. The volume stored by the controls was 0·14 0·02 ml, only 0·85% of body weight. The  2. Time-course study of effects of osmotic stimulation on plasma osmolality (A) and VT mRNA level (B) in tadpoles at late metamorphic climax stages (group 7) (n=4-5). Black bars represent the relative values of VT mRNA levels in single tadpoles immersed in 30% SW for 1, 3 and 6 days. * * Significantly different from control group (Cont.) at the 1% level.
 3. Effects of hyperosmotic stimulation on plasma osmolality (A) (n=6), hematocrit value (B) (n=6) and VT mRNA level (C) (n=4-6) in metamorphosing bullfrog tadpoles. and show the values for intact animals (C); and represent the values of tadpoles exposed to 30% SW for 3 days (S). VT mRNA levels are relative values per single hypothalamus. * * Significantly different from control at the 1% level. osmolality of urine in 30% SW-treated tadpoles was almost identical to that of plasma.
The VT mRNA levels were increased by SW treatment for 3 days after stage XI (prometamorphic and climax stages) (Fig. 3C) . After stage XV, the VT mRNA became significantly different between fresh water and 30% SW animals. No significant changes were observed before stage X, although the VT mRNA levels were slightly increased.
Effects of osmotic stimulation of male adult bullfrogs
Plasma osmolality was increased by immersion in 30% SW, and attained a level equal to the environmental osmolality (approximately 350 mOsmol) ( Table 2 ). The urine osmolality was also increased by 30% SW treatment, but the hematocrit was not altered (Table 2) .
Exposure to 30% SW increased the level of VT mRNA in a time-dependent manner, and yielded a significant increase by day 5 (Table 2) .
DISCUSSION
Expression of the VT gene in the bullfrog hypothalamus occurred as early as the premeta-morphic stages, as previously demonstrated in an immunohistochemical study (Carr & Norris 1990) . The VT mRNA level then increased gradually during prometamorphic development, followed by a sharp increase at metamorphic climax (Fig. 1) . In contrast to the increase in the VT mRNA level shown in this study, however, the number of immunoreactive VT neurons was slightly decreased during the metamorphic climax stages (Carr & Norris 1990 ). This discrepancy between gene expression and immunoreactivity may be due to rapid transportation of newly synthesized VT to the neurohypophysis, where it may be instantaneously liberated. A similar phenomenon occurs in osmotically stimulated rats (Hyodo et al. 1989 ) and neonatal mice (Hyodo et al. 1992) . Hyperosmotic and hypovolemic stimuli in rats increase release of arginine vasopressin (AVP) from the neurohypophysis to maintain the water and salt balance. These stimuli also induce increases in the transcription rate of AVP gene (Murphy & Carter 1990 , Hyodo et al. 1989 ) and the translation rate of AVP mRNA to AVP precursor (Franco-Bourland & Fernstrom 1981) , whereas the immunoreactivity of AVP in neuronal somata in the hypothalamus and in the neurohypophysis decreased (Hyodo et al. 1989 ). These results support the above hypothesis that both synthesis and release of VT are increased during metamorphic climax. 
Control
In correlation with the increase in the VT mRNA levels, the hematocrit and plasma osmolality increased after stage XX in intact animals (Fig. 1) . These physiological changes imply that climactic tadpoles in a semi-terrestrial environment are in a dehydrated condition, although the increase in hematocrit in intact tadpoles from stage XX to stage XXII may be partly due to increased hematogenesis (Forman & Just 1981) . In metamorphosing tadpoles, immersion in 30% SW significantly increased the VT mRNA level after stage XV (Fig. 3) , indicating that VT-producing neurons are ready to respond to osmotic stimulation after stage XV. These results suggest that the increase in VT mRNA levels in intact groups at metamorphic climax is due to the increase in plasma osmolality, hypovolemia, or both, caused by movement to a semi-terrestrial environment. Thus, VT may be important for osmoregulation when tadpoles translocate from an aquatic to a semi-terrestrial habitat after metamorphosis, by acting at the possible target organs discussed below.
In adult anurans, injection of VT produces an increase in skin permeability to water and salt, antidiuresis, and water and salt reabsorption from the urinary bladder to maintain blood volume and plasma osmolality (Shoemaker & Nagy 1977) . Although the mechanism underlying the effect of VT on water and salt balance in tadpoles is not clear, the skin and the kidney may be important target organs of VT in metamorphosing tadpoles. In prometamorphic tadpoles, the gills may also participate in water and salt balance (Shoemaker & Nagy 1977) . The isolated ventral abdominal skin of metamorphosing bullfrogs displayed a transepithelial potential difference from stage XXI (Taylor & Barker 1965a) and marked responses to vasopressin beginning at this stage (Taylor & Barker 1965b) . Increased permeability to water was observed in isolated skin prepared from VTinjected prometamorphic and climactic tadpoles (Bentley & Greenwald 1970) .
The urinary bladder may also be a physiological target organ of VT in tadpoles of the late metamorphic climax. The urinary bladder is apparent after metamorphic climax (stage XX). Tadpoles of control groups in late metamorphic climax (all animals of stage XXIII-XXV and some animals of stage XXII) had urine in their urinary bladder (Table 1) . SW-treated tadpoles at these stages stored a large volume of urine (about 11% of body weight) that was iso-osmotic to their plasma, as in adults. These results suggest that late metamorphic tadpoles are able to store urine in their urinary bladder, and reabsorb water from the urine. In fact, osmotic stimulation increased the hematocrit of tadpoles except for those at the late metamorphic stages, indicating that VT-stimulated water absorption by the skin and water reabsorption in the kidney and urinary bladder prevent an increase in hematocrit after dehydration.
No significant increase was observed in VT mRNA levels after osmotic stimulation during premetamorphic stages (before stage X), suggesting that VT-producing neurons are not responsive to hyperosmotic stimulation at this time. Further, premetamorphic tadpoles do not show significant increases in weight after VT injection (Bentley & Greenwald 1970) . Target organs of VT, such as the skin, may not be sensitive to circulating levels of VT during premetamorphic stages. In contrast, hyperosmotic stimulation increased VT gene expression during prometamorphic stages, whereas the 30% SW treatment severely dehydrated the tadpoles, resulting in an increase in hematocrit. Thus, in prometamorphic tadpoles, osmoregulatory capacity, including expression of VT receptor gene in target organs, may not be fully developed.
In accordance with the present gene expression data, VT production is detected from the premetamorphic period in many hypothalamic and extra-hypothalamic neurons, such as preoptic magnocellular neurons which project mainly to the neurohypophysis, neurons in the lateral septum, the amygdala, the preoptic area and the ventral hypothalamus (Mathieson 1996) . This early appearance of VT-producing neurons and VT innervation in the brain suggests that VT has neuroregulatory functions beginning at the premetamorphic period. In the larvae of anurans and urodeles, VT has been reported to modify the length of larval period, by modulation of prolactin release (Denver 1993 , Platt & LiCause 1980 . VT stimulates corticosteroid release from interrenal glands (Iwamuro et al. 1991) . Larval VT may thus also play a part in the regulation of amphibian metamorphosis by modulating the release of other hormones.
